The role of endocytosis in signal trans duction has been known and debated for many years. After endocytosis, signalling receptors and their factors are targeted to endosomes and multivesicular bodies (MVBs) and eventually fuse to lysosomes to be degraded. Thus, the established view has been that the intern alization of most growth factor receptors bound to their ligands constitutes a way to downregulate activated receptors and attenuate the signal 1, 2 . In this model, internalized vesicles mature into MVBs, which then fuse with lysosomes to allow degradation of their content. This was first shown in early work by Cohen 3 , who observed that epidermal growth facto r (EGF) coupled to ferritin was rapidly internalized upon binding to EGF recepto r (EGFR) and found inside MVBs after only 15 minutes exposure of cells to ligand. MVBs form as endosomes mature, through invagination of small intraluminal vesicles (ILVs) of about 50 nm in diameter
, which then pinch off. This requires the help of the ESCRT (endosomal sorting complex required for transport) machin ery 2, 4 , the components of which were first identified in budding yeast as Vps (vacuolar protein sorting) mutants 1 and regulate membran e scission during ILV formation.
Today, we realize that membrane traf ficking has additional functions in cell signalling beyond signal attenuation. The recent demonstration that WNT signalling triggers glycogen synthase kinase (GSK) sequestration into MVBs, allowing the acti vation of cytosolic proteins, raises the possi bility that MVBs may have un anticipated roles in signal regulation. Here, we suggest that this mechanism may be physiologi cally relevant during axis differentiation in vertebrate embryos. Moreover, we pro pose that this may reflect a more general regulatory role of MVBs in other signalling pathways, in which activated cell surface receptors may entrap inhibitory enzymes and/or adaptor proteins bound to their cytoplasmic domains inside the ILVs of multivesicular endosomes. In each case, the identity of the cosequestered protein will depend on the type of growth factor and receptor bound to it. We discuss the evidence that supports this model from studies of the nuclear factorκB (NFκB), G proteincoupled receptor (GPCR), JAK-STAT (Janusactivated kinase-signal transducer and activator of transcription) and Notch signalling pathways, and suggest that cytosolic proteins other than GSK3 could potentially also be depleted through sequestration in MVBs in a growth factor dependent manner. We propose that multi vesicular endosomes are not mere lysosomal pre cursors but signalling organelles.
Broad effects of endocytosis on signalling Although endocytosis was for many years considered as only a means of limiting signal transduction, it has since emerged that endocytosis has additional roles in maintaining and even generating specific signals (FIG. 1) . It has become clear that some receptors continue to signal on internal membranes, such as endosomes, providing a further possibility for the spatial control of signalling events.
Signal downregulation.
A well characterize d example of receptor down regulation through endocytosis occurs during signalling through receptor Tyr kinases (RTKs) or GPCRs. The signal is initiated at the plasma membrane through the binding of an effector protein (for exam ple, SRC or GRB (growth factor receptor bound) to an RTK or a G protein to a GPCR). In order to attenuate the signal, the receptors must be internalized into the ILVs of MVBs (REF. 2) before they can be degraded in lysosomes (FIG. 1a) . Through this well studied mechanism, endocytosis attenuates the activation of signal effectors by removing active receptor s from the membrane 5, 6 . Signal maintenance. Some receptors can signal away from the plasma mem brane, with endosomal membranes actin g as signalling platforms. In the case of mitogenactivated protein kinase (MAPK) signalling, the binding of RTK to GRB2, or of GPCR to βarrestin, triggers the assembly of extracellular signalregulated kinase (ERK)activating complexes (FIG. 1b) . ERK is phosphorylated while the recep tors are still on the plasma membrane but remains active on the surface of internal ized early endosomes, also called signal ling endosomes or signalosomes (FIG. 1b) . Phosphorylated ERK is then released Abstract | Signal transduction and endocytosis are intertwined processes. The internalization of ligand-activated receptors by endocytosis has classically been thought to attenuate signals by targeting receptors for degradation in lysosomes, but it can also maintain signals in early signalling endosomes. In both cases, localization to multivesicular endosomes en route to lysosomes is thought to terminate signalling. However, during WNT signal transduction, sequestration of the enzyme glycogen synthase kinase 3 (GSK3) inside multivesicular endosomes results in the stabilization of many cytosolic proteins. Thus, the role of endocytosis during signal transduction may be more diverse than anticipated, and multivesicular endosomes may constitute a crucial signalling organelle. 
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from the endocytic surface and enters the nucleus to activate its targets, induc ing transcriptional activation [7] [8] [9] (FIG. 1b) .
Continued activation of ERK at the endo somal membrane allows maintenance of MAPK signalling during endocytosis. Thus, endocytosis of the receptor complexes does not always result in signal attenuation but can cause sustained signalling. Endosome specific signalling events can also start at the plasma membrane 6 .
Generation of signals.
In some cases, specific signalling events require factors to be brought together by endocytosis. For example, during transforming growth factorβ (TGFβ) and bone morphogenetic protein (BMP) signalling, ligandbound receptors become phosphorylated at Ser residues and are internalized by endo cytosis. Once localized into endosomes, TGFβ recepto r (TGFβR) can bind to SMAD anchor for receptor activation (SARA), and BMP receptor (BMPR) can bind to the related protein endofin. These complexes present the trans cription factors SMAD1 or SMAD2 to be phosphorylated by their Ser/ Thr kinase receptors 10, 11 (FIG. 1c) . Upon phosphorylation, SMADs are released into the cytoplasm, bind a cofactor (SMAD4), enter the nucleus and promote gene trans cription (FIG. 1c) . This type of endosome specific signalling may also apply to a wide range of other pathways, including signallin g through GPCRs, RTKs, Notch and tumour necrosis factor 6 .
The sequestration model A common feature of the three models described above for how endosomes can affect signalling is that signal transduction is terminated when the signalling complexes are engulfed in the ILVs of MVBs: they are subsequently degraded in lysosomes
. In contrast to this, we have recently reported a new mechanism by which the sequestration of an enzyme from the cytosol inside the ILVs of MVBs actually generates the signal 12 (FIG. 2) .
During WNT signalling, WNT ligands bind two coreceptors, Frizzled and low density lipoprotein receptorrelated 5 (LRP5) or LRP6, and this directs the localization of LRP6 into caveolincontaining vesicles for endocytosis. The cytoplasmic tail of LRP6 is phosphorylated by two enzymes, casein kinase 1 (CK1) and later GSK3, which are recruited together with axis inhibition pro tein (AXIN) from a cytosolic 'destruction' complex (consisting of APC/C (anaphase promotin g complex, also known as the cyclosome), AXIN, CK1 and GSK3), which normally degrades βcatenin. This triggers the polymerization of Dishevelled (DVL) and LRP6 on the plasma membrane and endo cytosis of the WNT receptor com plex [13] [14] [15] . DVL, AXIN and βcatenin are required for this endocytosis 12, 13 and are all also GSK3 substrates; GSK3 localizes to these WNTspecific early endosomes, or 'LRP6signalosomes' , and this is important for regulating the phosphorylation of DVL, AXIN and βcatenin 13 . The initial phosphorylation of LRP6 by GSK3 is required for the later sequestration of this enzyme in MVBs (FIG. 2) . The phospho rylated LRP6 intracellular domain can also bind and inhibit GSK3 , and this interaction (which has an inhibition constant in the 10 -5 M range) probably explains the transient decrease in GSK3 activity observed during the first 10 minutes of WNT addi tion 20 . However, the stabilization of βcatenin and the transcriptional activation of WNT target genes require persistent inhibition of GSK3 for several hours 21 . Sustained inhibition is achieved only when the ESCRT machinery sequesters sufficient amounts of GSK3 inside ILVs, protecting its many cytosolic substrates from phosphorylation 12, 22 . Newly translated βcatenin protein is not phosphorylated by GSK3, so becomes stabilized and trans locates into the nucleus, where it activates the transcriptio n of WNT target genes. 4, 70 . In addition, ILV formation requires the endosome-specific lipid phosphatidylinositol-3-phosphate (PtdIns3P), and the AAA-ATPase vacuolar protein sorting-associated 4 (VPS4) to pinch-off the vesicles 71, 72 . The matrix of endosomes is gradually acidified by vacuolar ATPases (v-ATPases) as they undergo maturation, enlarge and convert the early RAB5-positive compartments into RAB7-positive late endosomes 73, 74 . The lumen of early recycling endosomes has a pH of 6.5-6.4 (compared with pH 7.2 in the cytosol), that of late multivesicular endosomes has a pH of 6.0-5.0 and, after fusing with lysosomes, a pH of 5.0-4.5 is reached 75, 76 . Lysosomal hydrolases degrade proteins and lipids at acid pH. The diverse functions of multivesicular endosomes are indicated in the figure. In addition to serving as precursors for lysosomal degradation 77, 78 , ILVs can be released into the extracellular space as exosomes when the entire organelle fuses to the plasma membrane [79] [80] [81] . The sequestered proteins can also be transiently stored and recycled back to the cytoplasm or the plasma membrane via 'back-fusion' of ILVs to the peripheral endosomal membrane 82 and membrane recycling through tubular structures 23 . Membrane proteins are sorted into ILVs after becoming monoubiquitylated 6 . Cytosolic material can be engulfed into multivesicular endosomes by microautophagy, which involves invagination of larger vesicles containing cytoplasmic components, such as ribosomes 83 . The electron micrograph illustrates the morphology of multivesicular bodies (MVBs; shadowed in pink). These MVBs were induced by a constitutively active form of low-density lipoprotein receptor-related 6 (LRP6) receptor that generates a very strong WNT signal by sequestering glycogen synthase kinase 3 (GSK3) inside these structures 
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Transcriptional activation P P P P P P P P P P P P P to bind to its protein substrates in the cytosol in order to be sequestered into these special ized endosomes 12 . The signalosome consists of polymers of multiple proteins containing GSK3 phosphorylation sites, such as LRP6, Frizzled, AXIN, DVL and βcatenin 13, 14 . Sustained WNT signalling cannot take place until these components are sequestered inside ILVs 12 . Once in ILVs, WNT receptor complexes may progress into lysosomes for degradation or fuse back to the endosomal membrane 23 (FIG. 2) , recycling GSK3 to the cytoplasm when the WNT signal is termi nated
. Thus, internalization, early signalosome formation and MVB sequestra tion are all essential steps in the endosomal trafficking of receptor complexes and canonica l WNT signalling (FIG. 2) .
WNT signalling regulates protein stability. GSK3 recognizes prephosphorylated residues in its many substrates, and it phos phorylates upstream clusters of Ser or Thr residues spaced four amino acids away 24 . Such highly phosphorylated stretches in pro teins (called phosphodegrons) can become targets for recognition by E3 polyubiquitin ligases and subsequent degradation by the proteasome. So, when GSK3 is sequestered into MVBs in the presence of WNT, many cellular proteins that are protected from GSK3mediated phosphorylation become stabilized 12 . However, the effects of the WNT signal on gene transcription are trans duced specifically through the stabilization of βcatenin, which translocates into the nucleus, binds its cofactor T cell factor (TCF) and activates WNT-TCF target genes 25, 26 .
WNT signalling requires the ESCRT machinery. Endocytosis is crucial for WNT signalling and can be blocked by inhibiting membrane internalization 21, 27 . The formation of MVBs is also essential for WNT signal transduction: transcriptional WNT signals are blocked when ILV formation is inhibited by interfer ing with the ESCRT machinery components vacuolar protein sortingassociated 4 (VPS4) Figure 1 | Current models for the intersection between endocytosis and signalling pathways. There are three major models for the crosstalk between endocytosis and cell signalling. a | Downregulation of signals through the degradation of receptor complexes. Receptor Tyr kinases (RTKs) and G proteincoupled receptors (GPCRs) signal at the plasma membrane through their effectors, such as SRC (for RTKs) and β-arrestin or activated G proteins (for GPCRs), which are then released as the receptors become internalized into early endosomes that undergo acidification. After trafficking of receptors into the intraluminal vesicles (ILVs) of multivesicular endosomes, these organelles fuse with lysosomes and the receptors are degraded. b | The mitogenactivate d protein kinase (MAPK) pathway provides an example in which signalling downstream of RTKs or GPCRs can be maintained by early endosomes. The signal is generated at the plasma membrane and continues signalling in early endosomes through formation of RAS-RAF-MEK-ERK (RAS-RAF-MAPK/ERK kinase (also known as MAPKK)-extracellular signalregulated kinase) complexes bound to the growth factor receptor-bound 2 (GRB2) adaptor for RTKs or β-arrestin for GPCRs. Activated ERK is released from the endosome and translocates to the nucleus to phosphorylate its targets. c | For signalling downstream of transforming growth factor-β receptor (TGFβR), as well as other receptors, the signal is actually generated on signalling endosomes. The ligand-bound TGFβR is internalized into endosomes upon phosphorylation of its cytoplasmic tail. SMAD anchor for receptor activation (SARA) is an FYVE domain (phosphatidylinositol-3-phosphate-binding) protein that recognizes this activated receptor and recruits the SMAD2 transcription factor to signalling endosomes. Phosphorylated SMAD2 is then released, entering the nucleus to promote transcriptional activation. 
CK1α APC/C β-catenin and hepatocyte growth factor (HGF) regulated Tyr kinase substrate (HRS), which promote membrane fission 12 . ILV invagina tion begins in early endosomes 28 and contin ues in the late endosomal compartment.
HRS is a critical component of the ESCRT0 machinery, which functions in the early steps of ILV formation in several contexts. In Drosophila melanogaster, HRS is required for the degradation of many growth factor receptors, such as those of HGF, Decapentaplegic (the D. melanogaster homo logue of BMP), EGF and Notch 29 . HRS is phosphorylated at Tyr residues on activation of HGF receptor (HGFR) or EGFR, and this facilitates their degradation 30 . However, inhi bition of other ESCRT components does not always result in the upregulation of growth factor signalling [31] [32] [33] , indicating that ESCRTs have multiple functions in signalling.
Interestingly, HRS levels are upregulated in many cancers. Moreover, small interfering RNAmediated depletion of HRS in these tumours decreases malignancy, metastases 34 and βcatenin levels, possibly implicating the WNT pathway in these oncogenic effects. This is in agreement with the observation that HRS depletion blocks WNT signal transduction 12 .
GSK3: degraded or recycled? As GSK3 trans locates into multivesicular endosomes upon WNT signalling, the levels of this enzyme might be expected to decrease after MVBs fuse with lysosomes. However, total cellular GSK3 levels do not change after WNT treat ment 12, 21 . So, one possibility is that only the active fraction of GSK3 is translocated into MVBs, and inactive fractions bound to GSK3 substrates remain unchanged. Another pos sibility is that the WNTspecific translocation of GSK3 into ILVs may be reversed by fusion back to endosomal membranes, returning GSK3 to the cytosol when the WNT signal ends (FIG. 2) . Such 'backfusion' would also make it possible for membrane lipid compo nents to recycle back to the plasma membrane (BOX 1) and is supported by studies describing a pH, lypobisphosphatidic acid (LBPA) and ATPdependent process in which ILVs 'melt' back into the outer membrane of MVBs and release their content into the cytoplasm 23, 35, 36 . In this model, multivesicular endosomes would provide a cellular compartment in which proteins could be held captive for as long as signalling persists and then released back to the cytosol upon signal termination. Whether WNTcontaining MVBs are just lysosomal precursors or moreregulated sig nalling organelles will be important to resolve.
Signalling 'insulation' and crosstalk
The sub cellular compartmentalization of GSK3 may be important for regulating crosstalk between pathways. GSK3mediated phosphorylation events participate in mul tiple signalling pathways, such as those involving WNT, Hedgehog or BMP. In each case, these phosphorylation events lead to the polyubiquitylation and proteasomal degra dation of key transcriptional effectors, such Figure 2 | Endocytosis is required for canonical WNT signalling. Two WNT co-receptors, Frizzled (FRZ) and low-density lipoprotein receptor-related 6 (LRP6), are required in the plasma membrane for canonical WNT signalling. When cells are exposed to the antagonist Dickkopf homologue 1 (DKK1), LRP6 is directed to endocytosis by clathrin-coated vesicles, becoming inactive and subsequently degraded through multivesicular body (MVB)-mediated delivery to lysosomes 27 . Conversely, when the cell receives a WNT signal, WNT binds to both LRP6 and FRZ. This recruits Dishevelled (DVL), which is required for polymerization of the co-receptors in lipid rafts and endocytosis through caveolincontainin g vesicles 13 . This internalization also requires the endocytosis effector Dynamin (DYN) and vacuolar ATPase (v-ATPase) 21, 84 . The cytoplasmic tail of LRP6 is phosphorylated by casein kinase 1γ (CK1γ) and glycogen synthase kinase 3 (GSK3), activating endocytosis 85 and binding components of the β-catenin 'destruction' complex (axis inhibition protein (AXIN) and GSK3). Early endosomal vesicles mature into multivesicular endosomes (in a process that requires hepatocyte growth factor-regulated Tyr kinase substrate (HRS) and vacuolar protein sorting-associated 4 (VPS4)) and WNT receptor complexes are internalized, sequestering GSK3 inside intraluminal vesicles (ILVs). Sequestration of the GSK3 enzyme in multivesicular endosomes is an essential step and is required for sustained WNT signalling. The decrease in active GSK3 causes newly synthesized β-catenin to accumulate and then be transported to the nucleus, where it activates gene transcription by TCF-LEF. APC/C, anaphase-promotin g complex, also known as the cyclosome. The activity of GSK3 is also itself regulated by insulin signalling, through inhibitory phosphorylation events at Ser9 and Ser21 in GSK3β and GSK3α, respectively, which are triggered by the phosphatidylinositol 3kinase (PI3K)-AKT (also known as PKB) pathway 24 . Given the wide range of GSK3 targets, mechanisms must exist to 'insulate' the multitude of signals received by the cell. The system should also be sufficiently flex ible to allow for crosstalk between pathways, as occurs between the BMP and WNT sig nalling pathways, in which sequestration of GSK3 also prolongs the BMP signal 37, 38 . The ability of pathways to be insulated from each other could be explained by the existence of at least three different pools of GSK3: insulin-AKTregulated, AXIN associated and AXINindependent 39 . Consistent with this, AKT regulates GSK3 by Ser phosphorylation upon insulin signalling and does not interfere with WNTinduced accumulation of βcatenin 20 . In this model, the AXINassociated pool of GSK3 in the cytosol, which forms the βcatenin destruc tion complex, would be the only one that can be inhibited by WNT signalling. Free cytoplasmic GSK3 would still be available to phosphorylate the effectors of other signal ling pathways. However, GSK3 mutants that are unable to bind AXIN do accumulate inside MVBs in response to WNT signalling, provided they are still catalytically active 12 . This suggests that GSK3 accumulates in endosomes not because all of it is AXIN bound, but rather because it binds to its many phosphorylation substrates in the WNT receptor complex (such as LRP6, Frizzled, DVL, AXIN and βcatenin).
Insulation via 'priming kinases'? GSK3 phos phorylates many proteins 24, 40, 41 . Bioinformatic analyses show that 20% of all human pro teins contain three or more potential GSK3 phosphorylation sites. Moreover, pulsechase experiments show that WNT signalling, through GSK3 inhibition, significantly pro longs the halflife of many cellular proteins in addition to βcatenin 12 . In these putative GSK3 proteomic targets, the priming phos phate can be introduced by various kinases, such as CK1, CK2, MAPK, protein kinase A (PKA) and others. We propose that insulation of signalling pathways can be accomplished in part by regulation of the kinase that is used to prime a target for GSK3mediated phos phorylation (FIG. 3) . Other factors, such as the relative affinity of GSK3 for the various target proteins, will also be important.
This 'priming kinase' hypothesis can be tested experimentally by using fluorescent biosensors that are regulated by GSK3. Green fluorescent protein (GFP) bio sensors have been used to test the require ments of GSK3 target regulation, and they have shown that targets are regulated by a priming phosphate and three GSK3 target sites. They also indicate that the levels of active GSK3 in cells are in fact decreased by WNT treatment 12 (FIG. 3) . Mutating the GSK3 target sites prevents the formation of the phosphodegron that is recognized by E3 polyubiquiti n ligases, so that the artificial protein is no longer sensitive to WNT. These biosensors can also be used to test the prim ing kinase hypothesis by assessing the regu lation of biosensors that differ only in the initial phosphorylation site (FIG. 3) . These novel reagents are expected to be useful for studying how protein degradation triggered by growth factor s is regulated.
A broader role for sequestration? Many activated growth factor receptors traffic through multivesicular endosomes 1 . This raises the question of whether other signalling pathways might sequester cytosolic proteins as a means of regulating signalling.
One example may be NFκB signalling, which is a key pathway in innate immunity . HRS is required for NFκB signalling, reminiscent of its role in WNT signalling. An RNA interference (RNAi) screen also revealed a positive role for MVB formation in D. melanogaster NFκB (known as Toll) signalling 42 . RNAimediated depletion of Myopic or HRS, two critical components of the ESCRT0 complex, prevented the degra dation of the D. melanogaster Inhibitor of NFκB (IκB) homologue Cactus, which normally inhibits the translocation of Toll into the nucleus. These findings show that endocytic trafficking and MVB forma tion are required to activate, rather than to downregulate, the Toll signalling pathway, and it is possible that this requires sequestra tion of Cactus or another negative regulator in MVBs.
Sequestration of SRC may also be relevant for signalling downstream of the β2 adrener gic GPCR. Receptor activation by its ligand triggers the relocalization of SRC Tyr kinase into cytoplasmic vesiclelike structures 43 . )) with a carboxy-terminal peptide containing phosphorylation sites. Three artificial GSK3 sites are placed in front of a 'priming kinase' site (which could correspond to mitogen-activated protein kinase (MAPK), casein kinase 1 (CK1), CK2, protein kinase A (PKA) or many others); further downstream, an epitope tag (flag; which is useful for biochemical analyses) and a stop codon complete the biosensor. The presence of GSK3 phosphorylation sites in the protein destabilizes it, forming a short phosphodegron that promotes polyubiquitylation by endogenous E3 ligases and its proteasomal degradation. b | Phosphorylation sites that promote degradation in human β-catenin and in the artificial GFP biosensor GFP-CK1-GSK3, derived from their sequences 12 . CK1 primes three phosphorylation events by GSK3, and the presence of such priming kinase phosphorylation sites may promote specificity in signallin g responses, helping to 'insulate' different signalling pathways from one another. Early endosome P P P P P dvl P P a b Nature Reviews | Molecular Cell Biology
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The adaptor protein βarrestin mediates binding of SRC to the receptor, targeting the complex for endocytosis. In addition, phosphorylation of dynamin Tyr residues mediated by SRC is essential for its endo cytosis 44 . Thus, SRC activity is required for the endocytosis of its associated receptor, which may lead to its sequestration in MVBs and the depletion of its cytoplasmic activity. Similarly to SRC, GSK3 is also required for its own endocytosis, as it must phosphorylate the cytoplasmic tail of the LRP6 receptor for WNT receptor complexes to be assembled and internalized 13, 14 . Intriguingly, the β2 adrenergic receptor requires HRS for its re sensitization at the membrane, suggesting that this GPCR is recycled back to the plasma membrane 45 . Whether SRC does indeed accumulate in MVBs, and what cytosolic targets this may afford protection for, remains to be seen.
The JAK-STAT pathway may also require endosomal trafficking. There have been mixed reports as to whether inhibition of HRS in D. melanogaster blocks 46 or pro motes 47 the nuclear accumulation of the tran scription factor STAT. Further studies will be needed to assess the possible role of MVB sequestration in this pathway.
A positive function of MVBs has been documented for Notch signalling 48 . Endocytosis of Notch upon ligand binding leads to its relocalization to a multivesicular endosomal compartment. Degradation of the Notch extracellular domain by lysosomal enzymes facilitates cleavage by the intra membrane protease presenilin, releasing the Notch intracellular domain (NICD) into the cytoplasm; the NICD then translocates into the nucleus, where it helps to initiate transcription 49 . Two possibilities have been proposed for Delta-Notch interactions in multivesicular endosomes 50 . Notch might remain in the outer endosomal membrane bound to Delta located in ILVs; Delta binding would release the NICD into the cytosol for its subsequent translocation into the nucleus. Alternatively, the Notch receptor could be incorporated in ILVs with Delta remaining on the outer endosomal membrane; in this model, after digestion by lysosomal enzymes and presenilins, the stillintact NICD would be delivered to the cytosol by backfusion of ILVs to the outer endosomal membrane 50 . In summary, the ESCRT machinery and MVBs seem to have two principal roles in growth factor signalling. First, as has long been known, endosomal trafficking to lyso somes negatively regulates signal ling downstream of many growth factors by degrading their receptors. Second, ESCRT dependent removal of cytosolic inhibitory components, such as GSK3 in the WNT pathway and IκB in the NFκB pathway, is starting to emerge as a positive function of multivesicular endosomes in signalling.
MVBs in embryonic axis formation
It is possible that the regulation of signal ling pathways through factor sequestration into MVBs is important in diverse physio logical contexts. Here, we propose that gsk3 sequestration during wnt signalling may be important for the formation of the dorsal axis during Xenopus laevis develop ment. The X. laevis egg contains unknown 'materna l determinants' at its vegetal pole in its bottom half. After fertilization, these move along cortical microtubules towards the future dorsa l side of the embryo 51, 52 (FIG. 4) .
The future embryonic axis is then formed where the vegetal cytoplasm comes in contact with the animal cytoplasm of the top half of the egg (FIG. 4) . Conjoined twins form when a new such interface is induced experimen tally 53, 54 , and twinning can also be induced by micro injection of wnt mRNA into the ventral Figure 4 | Hypothesis: the dorsal determinants of the Xenopus laevis egg may be endosomal components. The vegetal pole of the frog egg contains 'maternal determinants' of unknown composition. We propose here that they may correspond to wnt-containing early endosomes that become incorporated into multivesicular bodies (MVBs) on the dorsal side of the zygote. This would sequester glycogen synthase kinase 3 (gsk3) and axis inhibition protein (axin) inside MVBs, triggering the earliest wnt signal in vertebrate embryonic differentiation, which induces the Nieuwkoop signalling centre. a | In the unfertilized egg, membrane vesicles are observed in the vegetal pole 61 . b | The sperm brings with it the centriole, giving rise to a centrosome that organizes a cortical network of microtubules. Early endosomes from the vegetal pole are transported along microtubules to the dorsal side, which forms opposite the sperm entry point. The new embryonic axis forms where vegetal material and animal cytoplasm mix 55 . Cortical microtubules cause a rotation of the egg cortex towards the sperm entry point, displacing the superficial pigment of the egg 53 . This forms a lighter 'dorsal crescent' that marks the dorsal side. One possibility is that maternal wnt is secreted by the oocyte and internalized into early endosomes at the vegetal pole. Upon fertilization, the formation of MVBs at the dorsal side might promote gsk3 sequestration and thereby allow persistent wnt signalling to promote axis formation. dvl, dishevelled; lrp6, low-density lipoprotei n receptor-related 6.
side of the early embryo 55 . Use of this micro injection assay has shown that an endogenous maternal wnt signal acts at the first step of embryonic differentiation and mimics the dorsal determinant, activating the formation of the Nieuwkoop centre in the blastula. This centre in turn induces the Spemann organizer at the gastrula stage, giving rise to the embry onic axis 56 . The endogenous maternal wnt sig nal has an intriguing property: it is completely resistant to inhibition by microinjection of mRNA encoding potent extracellular wnt antagonists, such as Dickkopf homologue 1 (dkk1) and secreted Frizzledrelated proteins (sfrps)), whereas microinjected wnt mRNA or endo genous wnt8 at the gastrula stage are readily inhibited by these antagonists 57 . One possibility, then, is that gsk3 seques tration regulates wnt signalling during dorsa l axis determination. Maternal wnt may con stitute the dorsal determinant, and it may be secreted by oocytes and then internalized into the lumen of early endosomal vesicles (FIG. 2) , attached to wnt receptor complexes. After being transported to the dorsal side of the fertilized egg, these signalosomes would mature into MVBs, facilitated by cytoplasmic components from the animal pole. Once ILVs form, this would cause the sequestration of gsk3, axin and other pro teins into MVBs in the dorsal crescent of the egg (FIG. 4) . This would then lead to stabiliza tion of βcatenin and the transcription of genes that determine the formation of the Nieuwkoop centre.
Multiple lines of evidence are consistent with this theory. First, oocytes are extremely active in endocytosis, particularly in the vegetal region, as they take up their yolk proteins (which are synthesized in the liver) from the maternal circulation 58 . Second, ultrastructural studies have shown that a main difference between X. laevis oocytes and somatic cells is the presence of 'nests' of uniformly sized vesicles (called Balinsky bodies, after their discoverer) that disperse below the egg cortex after fertilization 59 ; we suggest that these vesicles might correspond to early signalosomes containing internalized wnt. Third, movement of dvl-GFP particles along microtubule tracks has been reported in activated oocytes 60 . Fourth, X. laevis wnt11 is a good candidate for the maternal wnt sig nal, as its mRNA is localized vegetally in the oocyte (where it presumably acts in an auto crine manner) and is required during late oogenesis for axis formation in the embryo 61 . Interestingly, MVBs were first discovered in electron micrographs of the rat egg, in which they become very abundant after fertiliza tion 62 . Moreover, this model would also explain why dkk1 or sfrps cannot inhibit the maternal wnt signal in the early embryo: as wnt would already be safely ensconced inside early endosomes at the oocyte stage, it would not be accessible to extracellular inhibitors microinjected after fertilization. Further investigation of whether gsk3 sequestration may be physiologically relevant during egg development, or in other developmental context s, is certainly warranted.
Conclusions and perspectives
Endocytosis and lysosomal degradation of activated receptors is widely used as a mecha nism of signal downregulation. Although, in some cases, early signalling endosomes can maintain the signal until receptors are engulfed in the ILVs of multivesicular endosomes, the localization to MVBs has always been associated with negative control of signalling. Thus, the recently discovered sequestration of inhibitory factors inside MVBs as a trigger for growth factor signal ling provides a new perspective on the inter section between endocytosis and cell signalling. So far, this sequestration mecha nism has only been demonstrated to function during canonical WNT signalling 12 . However, there is good evidence that the ILVforming machinery is also required for NFκB signal ling by the D. melanogaster innate immunity Toll signalling pathway 42 . Whether other signalling pathways also require cytosolic components to be sequestered into MVBs after growth factor activation remains an open and interesting question. Such a mecha nism would allow proteins to be selectively depleted from the cytosol in response to a specific growth factor that the cell receives from the extracellular medium.
The role of MVB formation has been difficult to assess, as the existing HRS muta tion gives differing results depending on experimental context, and advancing the field may require the characterization of new ESCRT mutants and RNAi reagents in D. melanogaster. In other systems, such as X. laevis and cultured mammalian cells, improved reagents that interfere with the ESCRT machinery will facilitate the use of transcriptional reporter gene assays for various pathways and allow rapid screening for whether multi vesicular endosomes are required for signalling. In addition, the find ing that GSK3 sequestration in MVBs is an important element in the regulation of global cellular protein turnover 12 should lead the field in new directions.
As the endosomal-lysosomal pathway is required for WNT signalling, its role in cancer will need to be reexamined in this light. HRS overexpression causes increased malignancy and metastases in many solid tumours, accompanied by an increase of βcatenin levels 34 . Other members of the ESCRT machinery can also either suppress or promote tumorigenesis, including tumour susceptibility gene 101 (TSG101; the binding partner of HRS) [63] [64] [65] , VPS25 (REFS 66, 67) and VPS24 (REFS 68, 69) . These opposing effects of ESCRT components in cancer suggest complex interactions that are incompletely understood but which might be approached productively by studying their effects on growth factor signalling. Finally, it will be important to assess the roles that this regulatory mechanism may have during development. For example, GSK3 sequestra tion in MVBs offers a novel hypothesis for the molecular nature of the elusive dorsal determinants that transduce the earliest wnt signal during X. laevis development. In conclusion, it seems that multivesicular endosomes are key signalling organelles that can promote specificity through subcellular compartmentalization of signalling factors.
